Synchronous Communication Relay Satellites for Manned Space Flight in Earth Orbit by Hamilton, Meredith & Hunting, Robert A.
The Space Congress® Proceedings 1968 (5th) The Challenge of the 1970's 
Apr 1st, 8:00 AM 
Synchronous Communication Relay Satellites for Manned Space 
Flight in Earth Orbit 
Meredith Hamilton 
Manned Spacecraft Center 
Robert A. Hunting 
Motorola, Inc., Government Electronics Division 
Follow this and additional works at: https://commons.erau.edu/space-congress-proceedings 
Scholarly Commons Citation 
Hamilton, Meredith and Hunting, Robert A., "Synchronous Communication Relay Satellites for Manned 
Space Flight in Earth Orbit" (1968). The Space Congress® Proceedings. 5. 
https://commons.erau.edu/space-congress-proceedings/proceedings-1968-5th/session-5/5 
This Event is brought to you for free and open access by 
the Conferences at Scholarly Commons. It has been 
accepted for inclusion in The Space Congress® 
Proceedings by an authorized administrator of Scholarly 
Commons. For more information, please contact 
commons@erau.edu. 
SYNCHRONOUS COMMUNICATION RELAY SATELLITES FOR 
MANNED SPACE FLIGHT IN EARTH ORBIT
By Meredith Hamilton
Manned Spacecraft Center
Houston, Texas
and
Robert A. Hunting
Motorola, Inc., Government Electronics Division 
Aerospace Center, Scottsdale, Arizona
Results are presented from a feasibility- 
study and laboratory demonstration "which describe 
a system for using synchronous-altitude satellites 
as communication and tracking relays for manned 
spacecraft in earth -orbit. This system can pro­ 
vide "worldwide, continuous coverage. With proper 
tracking of the Doppler shifts, two-way simulta­ 
neous voice and data communication can be re­ 
ceived with adequate margins. Range and range 
rate can be measured "with sufficiently high pre­ 
cision to give position information comparable 
with that obtainable with tracking ships and air­ 
craft. Maximum use Is made of existing equipment 
to provide compatibility with the Apollo unified 
S-band communication system.
Introduction
The use of synchronous satellites as relays 
for ground-to-ground communications now has been 
well established. These links are in use daily 
for commercial and governmental purposes. Also, 
recent demonstrations of aircraft-to-ground 
communications have been given by using a synchro­ 
nous satellite relay. However, the use of syn­ 
chronous satellites for two-way communications and 
tracking relays between ground-based stations and 
manned earth-orbiting spacecraft presents unique 
problems previously not encountered. Higher Dop­ 
pler shifts, lower signal strength, and higher 
receiver noise levels all combine to make a com­ 
munications and tracking satellite for earth- 
orbiting spacecraft considerably more difficult to 
implement. The potential benefits that can be 
achieved from such a relay system are sufficiently 
great to justify the search for methods for solu­ 
tion of these problems.
Under contract to NASA Manned Spacecraft Cen­ 
ter (NASA MSC) , the Motorola Aerospace Center 
staff has conducted a feasibility study and has 
given a laboratory demonstration of such a system.
The primary goals of the program were as 
follows I
1. Definition of a system using existing 
hardware with little or no modification
2. Definition of a system compatible with 
the existing Apollo communication system and that 
might be used with other systems
3. Definition of a system which would 
provide continuous coverage for orbital missions 
with moderate implementation cost and low operat­ 
ing cost
IL Definition of a system with growth 
capability for multiple-spacecraft operation,
extended-range operation, and other relaying 
functions
5. Design of the system to fulfill the 
objectives just mentioned with margins adequate 
to insure satisfactory operation
The results of this program indicate that 
significant improvements in voice communications, 
telemetry data, and range and range-rate informa­ 
tion from earth-orbiting spacecraft are obtained 
because the satellites provide continuous commu­ 
nications.
The primary need exists for such a system 
because the present worldwide Manned Space Flight 
Network (MSFN) ground-based stations and supple­ 
mentary ships and planes have limited visibility 
contours. Thus, there are periods of long dura­ 
tion when a spacecraft is not in contact with any 
of these stations. Hence, NASA personnel have 
been investigating ways to extend the time of 
communication with earth-orbiting spacecraft. A 
map illustrating the visibility contours of a 
single synchronous relay and the various stations 
in the MSFN is shown in Figure 1.
A geometric view of the relay system is 
shown in Figure 2. On the left of the figure is 
a ground control center which might be connected 
to the Mission Control Center-Houston and to the 
MSFN. The relay is at a synchronous or station­ 
ary altitude.. On the right of the figure, the ' 
spacecraft, or command and service module (CSM) is 
in low-altitude earth orbit.
The relay passes voice communications .and 
data from the ground to the CSM and 'voice and te­ 
lemetry from the CSM to the ground. Also, range 
•and range-rate measurements are made on each of 
the two links of the system.
Although the greatest operational 'benefit 
would be the solution of the problem of coomiiuni- 
cations gaps for a spacecraft, some reduction in. 
operating cost could also- evolve from the satel­ 
lite system. Three synchronous satellites at an 
altitude of 35 900 km could provide continuous 
tracking and. other communications for -an earth- 
orbiting spacecraft or for the low-altitude 
phases of planetary flights. Therefore, it is 
possible that the satellite relays could relieve 
'some of the requirements placed upon the present 
ground-based stations and could probably replace 
many tracking ships and the range instrumentation 
aircraft.
The program showed that such a relay-satellite 
system can also provide the additional function of 
reporting the position and velocity of spacecraft* 
This important function of the system results from, 
an earlier Motorola /MAS A. MSC program, that developed
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an Inverse-ratio transponder. This transponder 
operates on Apollo frequencies and uses a pseudo- 
noise (PN) ranging code. The entire relay system 
is compatible with the IASA unified S-band (USB) 
system as used in the Apollo Program^ and It could 
also be used with future Advanced Technology 
Satellites.
System Selection.
With the constraint that the system must be 
compatible with the existing Apollo USB system, 
the system shown in Figure 3 was selected to make 
maximum use of existing equipment. The ground- 
based control center could be an unmodified MSFN 
station. At the relay, a standard Apollo Block II 
transponder is used and Is connected through an 
interface unit to a relay "rendezvous" transceiv­ 
er. The "rendezvous" units have been developed by 
Motorola for IASA MSC on an earlier program. 
Thus, only the relay-Interface unit and some mod­ 
ulators and demodulators needed to be designed for 
this program.
With this equipment, two different ranging 
systems were considered. The "ring--around11 method 
makes a single measurement of range and range rate 
at the MSFN as shown in Figure Ua. The relay and 
the CSM are used to relay the ranging signals to 
the next leg of the link. The rr dual- cone rent" 
method measures range and range rate separately 
on two loops as shown in Figure Ub. Measurements 
on the MS FN -to- re lay loop are made at the MSFN by 
use of the Apollo Block II ranging system. Meas­ 
urements on the relay-to-CSM loop are made at the 
relay by use of a modified Apollo ranging system 
and are telemetered to the ground-based'-station.
The trade-off study resulted In the selection 
of the "dual-coherent 11 method for the following 
reasons,
1, The "ring-around" method gave a poorer 
signal-to-noise ratio in the ranging channel and 
thus gave a less accurate measurement because of 
the repeated limiter suppressions at each relay 
point,
2* Under the constraint that as much ex­ 
isting equipment as possible should be used, the 
MSM transmit-receive ratio of 221/2^0 was con­ 
sidered unchangeable, 'This constraint would re­ 
quire a completely new transponder at the CSM to 
maintain coherence for ranging with the "ring- 
around' 1 method.. Tiros» the "dual-coherent" method 
made more use of existing equipment.
3, The "dual-coherent" method has a rel­ 
atively easy growth capability for communication 
with multiple spacecraft, A separate transceiver 
must "be added at the relay for each additional 
spacecraft. The ranging measurements for each 
spacecraft* are them multiplexed onto the telemetry 
link to the ground-betsed stations.
1*. The "dual-coherent*1 method can
easily "be adapted for iase with other synchronous- 
satellite systems. Thus, a ground-based relay 
system operating on coirpletely different frequen­ 
cies and with other ranging systems could inter­ 
face with the 4ml-coherent system at the relay.
The system i elected is detailed in. Figure 5*
At the groiaid-baeed station s voice •ant up-data
are applied on 30- and TO-kHz subcarriers , re­ 
spectively, and the PW ranging code is applied as 
phase modulation (PM) directly on the carrier. 
This produces the standard Apollo up-link spec­ 
trum shown in Figure 6a. The output of the wide­ 
band phase detector of the ground-based receiver 
is voice on a 1.25-MHz subcarrier, "down" teleme­ 
try on a 1.02U-MHz subcarrier, relay-to-CSM rang­ 
ing telemetry on a 1.395-MHz subcarrier, and 
ground-based relay ranging at baseband. Each 
subcarrier Is demodulated in a modulation track­ 
ing loop (MTL) . The down-link spectrum is shown 
in Figure 6a, and it too is the standard Apollo 
Block II signal except for the addition of the ex­ 
tra subcarrier at a frequency of 1.395 MHz. The 
transmit and receive frequencies are 2287.5 and 
2106. k MHz, respectively.
At the relay, a standard Apollo Block II 
transponder is used for communication with the 
ground-based station. As shown in Figure 5, the 
output of the wideband phase detector is passed 
through filters at 30 and TO kHz for voice and 
up-data, respectively. The PN ranging code is 
turned around for retransmission to the ground. 
The summer (S) combines the filtered voice, the 
up-data, and the relay range code for proper mod­ 
ulation indices on the relay-to-CSM link. The 
relay "rendezvous" transponder transmits at 
22T8.8 MHz and receives at 2097-6 MHz with. the' 
spectral distribution shown in Figure 6b . The 
voice and data subcarriers are the same as those 
used on the ground-based relay link. However, 
the ranging code is applied on a 500 -kHz subcar­ 
rier with a 62.5-kbps PN code. This subcarrier 
method of PN ranging initially was used on the 
"rendezvous" transponder program. The 500-kHa 
subcarrier facilitates a range measurement with 
the same degree of accuracy as obtained by a 
500 -kHz PN code applied as PM to the carrier. The 
primary advantage of the 500-kH,z subcarrier is the 
reduction of interference by removing the PI spec­ 
trum from the data subcarriers as is shown in 
Figure 6b . Transmission to the CSM, is on a fre­ 
quency of 2278.8 MHz; reception from the CSM. is on 
a frequency of 2097-6 MHz. The signal received at 
the relay from the CSM is demodulated in a wide­ 
band phase detector. The voice and 1.6-kbps te­ 
lemetry subcarriers are then, filtered and sent to 
a summer for retransmission to the ground. The 
range and range rate of the CSM are measured in 
the ranging unit. The measurements are then dig­ 
itized and multiplexed on a 1.395 -MHz subcarrier. 
This s lib carrier is also applied to the summer 
where levels -are set to give proper modulation in­ 
dices on the relay -to-ground link*
At the CSM, the received signal is demodu­ 
lated in. a wideband phase detector. The voice 
and up-data subcarriers at 30 and 70 kHz are each 
filtered and demodulated in an MTL. The ranging 
code on the 500 -kHz sub' carrier is filtered and 
applied to the summer for retransmission to the 
relay* Voice and 1.6-kbps telemetry are applied 
to 1*25- and l*Q2U-MHz subcarriers "before being 
sent to the summer,. The CSM. transponder was also 
developed for an, S-band "rendezvous" program, and 
the transponder operates with a transmit-receive 
ratio of 220/239*
On the groTand-based relay loop, the standard
Apollo Block II PN ranging system is 'used* On 
the relay-to-CSM loop, a modified Pi system, has 
used* The PI code at 62*5 fcbps is applied
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as phase-shift keying (PSK) to the 500-kHz sub- 
carrier, A code length of 32 ^00 bits is re­ 
quired to cover the maximum relay-to-CSM range of 
U5 000 km. To reduce code-acquisition time, a 
two-component code is used,.
A simplified "block diagram of the range- 
measurement system is shown in Figure T- Two in­ 
dependent PN generators (X and Y) are combined 
for transmission to the CSM. At the CSM, the 
range code is filtered and turned around for re­ 
transmission to the relay. Parallel searches of 
the codes are performed at the relay. Code- 
acquisition time is less than 10 sec.
The range-rate system on the relay-to-CSM 
loop is shown in Figure 8, The range rate is de­ 
termined by measuring the Doppler shift on the 
carrier. With zero range rate, the received car­ 
rier Is offset from the transmitted carrier be­ 
cause of the transponder turnaround ratios. This 
is the bias of the system. When range rate is 
applied 5 this received-carrier frequency is off­ 
set further by the Doppler frequency. The range- 
rate measurement Is made by determination of the 
time required to accumulate 1023 cycles of the 
bias plus the Doppler frequency.
System Parameters and Performance
The major system parameters are shown in 
Figure 9« With these parameters, the performance 
shown in Figure 10 can be expected.
Broadband System
The use of a relay which has no sub carrier 
filters would be desirable for relay of wideband 
data and for relay of Apollo television (TV). 
With a bandwidth of k MHz, the voice and teleme­ 
try signals could be passed with at least an 
8-cLB margin over the Apollo performance and in­ 
terface (P & I) specification. The lack of seri­ 
ous degradation from the filtered system is 
because of the extremely strong character of the 
ground-based relay and relay-to-ground links. It 
had already been predicted that broadband relays 
were feasible under these conditions.1 With a 
broadband relay, TV could be relayed by increas­ 
ing the received-signal strength by approximately 
8 OB.
Laboratory Feasibility Tests
To confirm the system calculations, a series 
of laboratory tests and demonstrations were given. 
The ground-based station was simulated by means 
of Motorola "system test equipment" (STE) used 
for checkout and test of the Apollo Block II 
transponders. For the relay and CSM, the units 
previously described in Figure 3 were used.
Modulators, demodulators, and interface units 
were built for the program.
The system was demonstrated under three dif­ 
ferent conditions, which were as follows!
1. Strong signal level (-80 dBm on the 
CSM-relay link)
2. At expected minimum signal level 
(-100 dBm on the CSM-relay link), which is the 
level expected at the maximum range of k^ 000 km
3. At 10 dB below the expected minimum, 
which is equivalent to extending the range to 
160 000 km
Voice, data, and ranging were demonstrated. 
at each of these levels, Ho quantitative data 
were taken on voice intelligibility or data error 
rates , but qualitative observation revealed good 
performance. Measurements taken on range accura­ 
cy were within the required 15 meters rms at
-100 dBm, and measurements taken on range-rate 
accuracy were within the required 3 cm/sec rms at
-100 dBm.
Conclusi on
The system definition study and laboratory 
feasibility' demonstration have shown that a syn­ 
chronous relay satellite can be used, not only 
for voice and data transmissions to and from 
earth-orbiting spacecraft, "but also for metric 
tracking of these spacecraft under conditions of 
high Doppler shifts. This can "be accomplished 
with presently available equipment and still re­ 
tain a system margin of 7 to 10 dB relative to 
the Apollo P & I specification..
With .an additional system gain of 8 dB, the 
transmission of Apollo-type TY can. be accom­ 
plished. This should easily be possible mth ex-' 
isting relays having substantially more antenna 
gain than those used for this program.
The use of the "dual-coherent" system would 
facilitate the use of .Apollo frequencies on the 
re lay-to-CSM link and the use of 'Other frequen­ 
cies and other types of ground-based stations on 
the ground-based relay link. Thus, the relay can 
effectively act as a converter to link the .Apollo 
communication and tracking system to other types 
of ground-based communication centers,.
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